Auxin is an important plant growth regulator, and plays a key role in apical-basal axis formation and embryo differentiation, but the mechanism remains unclear. The level of indole-3-acetic acid (IAA) during zygote and embryo development of Nicotiana tabacum L. is investigated here using the techniques of GC-SIM-MS analysis, immunolocalization, and the GUS activity assay of DR5::GUS transgenic plants. The distribution of ABP1 and PM H + -ATPase was also detected by immunolocalization, and this is the first time that integral information has been obtained about their distribution in the zygote and in embryo development. The results showed an increase in IAA content in ovules and the polar distribution of IAA, ABP1, and PM H + -ATPase in the zygote and embryo, specifically in the top and basal parts of the embryo proper (EP) during proembryo development. For information about the regulation mechanism of auxin, an auxin transport inhibitor TIBA (2,3,5-triiodobenzoic acid) and exogenous IAA were, respectively, added to the medium for the culture of ovules at the zygote and early proembryo stages. Treatment with a suitable IAA concentration promoted zygote division and embryo differentiation, while TIBA treatment obviously suppressed these processes and caused the formation of abnormal embryos. The distribution patterns of IAA, ABP1, and PM H + -ATPase were also disturbed in the abnormal embryos. These results indicate that the polar distribution and transport of IAA begins at the zygote stage, and affects zygote division and embryo differentiation in tobacco. Moreover, ABP1 and PM H + -ATPase may play roles in zygote and embryo development and may also be involved in IAA signalling transduction.
Introduction
Embryo development is a crucial event during the life cycle of higher plants. One of the most important questions during this event is how a single zygote undergoes the series of precise cell division and differentiation to develop into a mature embryo. There are many studies indicating the involvement and role of auxin in this process (Liu et al., 1993; Steinmann et al., 1999; Friml et al., 2003; Jenik and Barton, 2005) . Auxin distribution and transportation were visualized in Arabidopsis embryos by using expression analysis of auxin carrier gene PINs and the synthetic auxinresponsive promoter DR5 (Steinmann et al., 1999; Friml et al., 2003; Jenik and Barton, 2005) . The result showed that auxin flows upward and accumulates in the embryo proper (EP) of the early proembryo, and then it flows in different directions and accumulates in the hypophysis and cotyledon tips of the differentiated embryo. Mutation analysis of auxin-related genes in Arabidopsis demonstrates that auxin probably participates in apical-basal pattern formation. It was reported that both the gain-of-function mutant of AUX/IAA transcription factor BDL (IAA12) and the lossof-function mutant of auxin response factor 5 (ARF5) fail to form hypocotyls and embryonic roots (Hardtke et al., 1998; Hamann et al., 2002) . The quadruple mutant of YUCCAs flavin monooxygenases, which encode the key enzymes in auxin biosynthesis, also display similar defective phenotypes of lost hypocotyls and of embryonic root meristems (Cheng et al., 2007) .
These studies in Arabidopsis demonstrate the basis of our previous knowledge about the role of auxin in embryo pattern formation; but there are still many problems in the study of how auxin is involved in embryo development, such as the difficulty of isolating embryos which are inaccessible and tucked away inside the ovules, the complexity of the auxin signal transduction pathway, the difficulty of obtaining mutants, and the very limited information about the genetic background of other plants. Thus, most of the evidence about the roles of auxin in embryo development come from in vitro-culture systems except for the studies in Arabidopsis. These studies indicate that auxin and its polar transport inhibitors can affect the differentiation of zygotic embryos in vivo or somatic embryos in vitro (Liu et al., 1993; Fischer and Neuhaus, 1996; Fischer et al., 1997; Hadfi et al., 1998; Fischer-Iglesias et al., 2001; Basu et al., 2002; Rober-Kleber et al., 2003; Larsson et al., 2008) . The treatment with high concentrations of exogenous indole-3-acetic acid (IAA) or its transport inhibitors lead to the alteration of embryo shape in Fucus distichus (Basu et al., 2002) , wheat (Fischer and Neuhaus, 1996; Fischer et al., 1997; Fischer-Iglesias et al., 2001; Rober-Kleber et al., 2003) , Brassica juncea (Liu et al., 1993; Hadfi et al., 1998) , and Norway spruce (Larsson et al., 2008) . Some of these aberrant embryos resembled the defects found in mutants of the auxin efflux carrier gene PIN1 (Liu et al., 1993; Hadfi et al., 1998) .
Auxin is considered as a small signal molecule which is perceived by its receptor and then induces physiological and biochemical reactions in cells which lead to cell morphology and structure changes. Auxin binding protein 1 (ABP1) is believed to be an important candidate for auxin receptor, because of its high activity to bind auxin and its ability to mediate auxin-induced cell division and elongation in a number of tissues in plants, such as maize coleoptiles (Steffens et al., 2001) , pea internodes (Yamagami et al., 2004) , Arabidopsis seedlings (Braun et al., 2008) , tobacco BY2 cells (David et al., 2007) , and leaf cells (Chen et al., 2001a) . Furthermore, it was found that ABP1 may be important for embryo development because its mutation leads to the lethal phenotype of embryos at the globular embryo stage (Chen et al., 2001b) . As the lethal phenotype of the abp1 mutation prevents further studies about its function in embryos, little is known about the role of ABP1 in embryo development. Plasma membrane (PM) H + -ATPase is an electrogenic proton pump which has a role in the control of various cell events such as cell elongation (Rober-Kleber et al., 2003) , stomatal closure (Merlot et al., 2007) , and the regulation of intracellular pH (Rober-Kleber et al., 2003) . By using ATP as the energy source, PM H + -ATPase pumps H + from cytoplasm to the cell exterior, thus forming an electrochemical gradient across the PM and constituting the driving force for nutrient and K + uptake into the cells (Bouche-Pillon et al., 1994; Sondergaard et al., 2004) . PM H + -ATPase is regarded as a downstream molecule of the auxin-dependent signal transduction pathway (Kim et al., 2001; Rober-Kleber et al., 2003; Sondergaard et al., 2004; Christian et al., 2006) . Evidence has shown that the final target protein in auxin-induced cell acidification and elongation is the PM H + -ATPase, for auxin can improve the transcription and translation of PM H + -ATPase as well as the activity of this protein (Harper et al., 1994; Frías et al., 1996; Rober-Kleber et al., 2003; Sondergaard et al., 2004 ). The expression of PM H + -ATPase was enhanced by auxin and it was concentrated in the more acidic scutellum cell of wheat embryos. This suggests the participation of the PM H + -ATPase in auxin-related cell elongation of the embryo scutellum (Rober-Kleber et al., 2003) . However, the relationship of auxin and PM H + -ATPase in zygote and embryo development of dicotyledonous plants is still unknown.
In this study, the change in IAA level during the development of the tobacco zygote and embryo was analysed by means of GC-SIM-MS, zygote and embryo isolation, in vitro ovule culture, IAA immunolocalization, and the GUS histochemical assay of DR5::GUS transgenic plants. The expression patterns of ABP1 and the PM H + -ATPase in the zygote and embryo were also visualized for the first time using immunolocalization techniques, and the relationship between auxin, ABP1, and PM H + -ATPase in zygote and embryo development is also discussed.
Materials and methods

Plant materials
Nicotiana tabacum L. cv. SR1 and DR5::GUS transgenic plants (kindly provided by Professor Alice Cheung, University of Massachusetts, USA) were grown in a greenhouse at Wuhan University at 25-27°C with a photoperiod of 16/8 h light/ darkness. The flowers were artificially pollinated after anthesis in order to get embryos at the same developmental stages.
Quantification analysis of IAA by GC-SIM-MS
For IAA quantification analysis, 0.5 g fresh weight of tobacco ovules at different developmental stages (1, 3, 4, 6, 8, 10 , and 15 d after pollination, DAP) were immediately frozen in liquid nitrogen. The extraction and purification of endogenous IAA was performed using the method described by Ding et al. (2008) . The purified samples were methylated by a stream of diazomethane gas, resuspended in 100 ll of ethyl acetate, and analysed by gas chromatography-mass spectrometry-selected ion monitoring (GC-SIM-MS). The quantification protocol was conducted as described by Ribnichy et al. (2002) with some modifications. A Shimadzu GCMS-QP2010 Plus equipped with a HP-5MS column (30 m long, 0.25 mm i.d, 0.25 lm Film, Agilent, USA) was used to determine the level of IAA. The chromatographic parameters were as follows: injection temperature at 280°C and initial oven temperature 70°C for 1 min followed by a temperature programme of 160°C to 240°C. The standard IAA and D 2 -IAA was from Sigma-Aldrich (MO, USA). The monitored ions were m/z 130 and 132 (quinolinium ions from native IAA and D 2 -IAA internal standard, respectively), and m/z 77, 189, and 191 (molecular ion and m + +6).
Isolation of zygotes and proembryos
The zygotes and two-celled proembryos of tobacco were isolated according to the methods reported previously by Qin and Zhao (2006) . Firstly, ovules were dissected from ovaries at 3 DAP and 4 DAP and placed into an enzyme solution containing 13% mannitol, 3 mM 2-[N-morpholino] ethanesulphonic acid (MES), 3 mM polyvinypyrrolidone K30 (PVP K30), 1% cellulose R-10, and 0.8% macerozyme R-10, pH 5.7, and then incubated with vibration for 30 min on an oscillator (ZW-A, FU-HUA). Secondly, ovules were washed three times at room temperature (RT) and the fertilized embryo sacs were released from the ovules by gently pressing with a small glass pestle. Thirdly, the embryo sacs were collected onto a slide using a micropipette and treated with an enzymatic solution containing 13% mannitol, 3 mM MES, 3 mM PVP K30, 0.25% cellulose R-10, and 0.2% macerozyme R-10, pH 5.7 for 2-5 min. The zygotes or two-celled proembryos were then isolated from the embryo sacs with self-made microneedles using an inverted microscope (Olympus CK30).
The isolation of tobacco multicellular embryos was performed as described by Zhang et al. (2008) . Ovules at 5-12 DAP were treated with an enzymatic solution containing 8% mannitol, 3 mM MES, 3 mM PVP K30, 1% cellulose R-10, and 0.8% macerozyme R-10, pH 5.7 at 25°C for 10-30 min. The embryos were isolated from treated ovules with microneedles, and collected using a micropipette under an inverted microscope (Olympus CK30).
Ovule culture
Ovaries at the zygote stage (3 DAP) and the early globular embryo stage (5 DAP) were sterilized in 70% ethanol for 0.5 min and in 2% NaClO for 4 min. After rinsing four times with sterile water, the ovules were isolated and cultured in MS medium (pH 5.8) supplemented with 6-8% sucrose, 0.25% phytagel, 0.1-4 lM IAA and different concentrations of 2, 3, 5-triiodobenzoic acid (TIBA; 10, 30 or 50 lM) at 25°C in the dark. After 5 d and 10 d of culture, some ovules were fixed to observe embryo development inside the ovules. The others were transferred into fresh MS medium supplemented with 2% sucrose and 0.25% phytagel, pH 5.8 and cultured at 25°C in the dark until maturity. They were then kept in 16/8 h light/dark to continue their development for 50 d. All experiments were repeated at least four times, the standard errors and P-values were calculated.
GUS histochemical assay
The DR5 promoter comprises seven-copy tandem direct sequences that include the auxin-responsive element TGTCTC which is located upstream of a minimal 246 cauliflower mosaic virus 35S promoter (Ulmasov et al., 1997) . This promoter shows strong auxin responsiveness in plants (Tao et al., 2002; Chen and Zhao, 2008) . For GUS visualization in DR5-GUS transgenic tobacco, zygotes and proembryos were isolated from ovules without fixation and incubated in a reaction buffer with 50 mM NaPO 4 (pH 7.0), 0.1% (v/v) Triton X-100, 0.5 mM K 3 [Fe(CN) 6 ], 0.5 mM K 4 [Fe(CN) 6 ], 1.0 mg ml À1 X-Gluc (Amresco Inc., USA) at 37°C in darkness for 4-6 h. They were further cleared in a solution of 100% chloral hydrate:90% lactic acid (2:1, v/v) at room temperature (RT) for 30 min (Ren and Zhao, 2009) , and then observed under a BH-2 microscope (Olympus, Japan) and photographed with a CoolSNAP digital camera system (RS Photometrics, USA).
For detecting GUS expression in ovules, ovules were kept in a solution containing 50 mM NaPO 4 (pH 7.0) and 100 mM DTT (DL-dithiothreitol), then transferred into the GUS staining solution containing 50 mM NaPO 4 (pH 7.0), 0.1% (v/v) Triton X-100, 5%b-mercaptoethanol, 1.0 mg ml À1 X-Gluc (Amresco Inc., USA) and covered with several drops of mineral oil. After being kept at 37°C in darkness for 12 h, the ovules were directly observed under an Olympus SZX12 stereomicroscope and photographed with a CoolSNAP digital camera system (RS Photometrics, USA).
IAA immunoenzyme localization
Tobacco ovules were dissected from ovaries and immediately fixed in FPA solution (formaldehyde:propionic acid:70% ethanol, 5:5:90 by vol.) containing 2% (w/v) 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC; BioBasic Inc., Canada) overnight at 4°C. The fixed ovules were rinsed and permeated with a decreasing series of ethanol solution (70, 50, 30, and 15%) and finally into water. The ovules were placed into an enzyme solution containing 2% cellulose R-10 and 1.5% macerozyme R-10 in 10 mM PBS (pH 7.2), incubated for 3 h at 30°C, and then washed with 10 mM PBS. The embryos were isolated from the treated ovules with self-made microneedles using an inverted microscope (Olympus CK40, Japan). The SABC (streptavidin and biotinylated horseradish peroxidase complex) immunoenzyme method was used to detect IAA in the embryos. The experiments were performed as described by Zhang et al. (2008) with some modifications. The embryos were incubated in 3% H 2 O 2 for 15 min, washed three times with distilled water for 5 min each time at RT. They were washed with a block solution (containing 5% BSA in 10 mM PBS, pH 7.2) for 20 min at RT, incubated with 1:300 dilutions (10 mM PBS, 1% BSA, pH 7.2) of IAA antibody overnight at 4°C, rinsed three times with 10 mM PBS, and incubated with biotin-labelled goat anti-rat IgG antibody for 20 min at 37°C. They were then rinsed three times with 10 mM PBS and treated with the SABC reagent for 20 min at 37°C. After an extensive wash in 10 mM PBS supplemented with 0.02% (v/v) Tween-20 three times and in PBS twice, the embryos were stained with the AEC kit. The control samples were treated similarly except that the primary antibody was substituted with PBS/BSA solution. The samples were then washed in distilled water and immediately examined under a microscope (Olympus BH-2, Japan).
Western blot of ABP1 and PM H + -ATPase
Western blot was used to investigate whether the anti-maize ABP1 antibody (kindly provided by Professor Richard Napier, Crop Improvement and Biotechnology, Horticulture Research International, UK) could combine with ABP1 in tobacco. The total proteins from the mixed samples of 1, 3, 4, 6, 8, 10 , and 15 DAP ovules were analysed by SDS-PAGE using a 15% acrylamide separating gel and a 5% acrylamide stacking gel in a Mini-Protean II electrophoresis cell (Bio-Rad). Equal amounts of the total proteins were loaded into each well. Gels were electroblotted (100 V, 1 h) onto nitrocellulose transfer membranes using an electrotransfer buffer (20 mM TRIS base, 150 mM glycine, and 20% methanol). The membranes were blocked with 5% non-fat dried milk in TBST buffer (20 mM TRIS base, 500 mM NaCl, and 0.05% Tween-20, pH 7.5) overnight at 4°C. The membranes were then incubated with the primary ABP1 antibody (diluted 1:600) for 2 h at room temperature, and washed with TBST buffer for 3-10 min. They were incubated with alkaline-phosphataseconjugated goat anti-rabbit antibody (1:500; Sino-American Biotechnology Co.) for 1 h, washed with TBST buffer three times, and then stained with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Sino-American Biotechnology Co.). The specific binding activity of the anti-PM H + -ATPase antibody which comes from N. plumbaginifolia was also detected by Western blot. This antibody was generously provided by Professor Marc Boutry (Unité de Biochimie Physiologique, Institut des Sciences de Ia Vie, Université Catholique de Louvain-la-Neuve, Belgium) and has successfully been used to detect the expression of PM H + -ATPase in N. plumbaginifolia (Morsomme et al., 1998) , and pollen tubes of Nicotiana plumbaginifolia (Lefebvre et al., 2005) and Torenia fournieri (Wu et al., 2008) . The procedure for the PM H + -ATPase Western blot was similar to that of ABP1, except that the dilution of the primary antibody (Rabbit antibodies against N. plumbaginifolia H + -ATPase) is 1:500, and the secondary antibody is alkaline-phosphatase-conjugated goat antirabbit antibody (diluted 1:1000).
Immunoenzyme and immunofluorescence localization of ABP1 and PM H + -ATPase
For immunoenzyme localization, the ovules and embryos were isolated and fixed as described above. The embryos were rinsed with 4% sucrose in 10 mM PBS for 30 min, fixed in embedding medium, and frozen in liquid nitrogen. The embryo sections (12 lm thick) were cut longitudinally using a cryomicrotome (Leica Cryocut CM 3050S, Germany) and collected on slides coated with 0.01% poly-L-lysine. The immunoenzyme detection of ABP1 and PM H + -ATPase was performed using the SABC method. The sections were dried at 37°C for 12 h before being incubated in 3% H 2 O 2 . The subsequent immunoprocedure was as previously described, the only difference being the type of antibodies utilized. The primary ABP1 and PM H + -ATPase antibodies were diluted to 1:100 with 10 mM PBS, and a biotin-labelled goat anti-rabbit IgG antibody were used as the secondary antibody.
For immunofluorescence localization, the isolated zygotes and embryos were rinsed three times with the PIPES buffer, once with 100 mM PBS, pH 7.4, and then incubated in the primary ABP1 and PM H + -ATPase antibodies diluted 1:50 with 100 mM PBS at 4°C overnight. The samples were rinsed three times with 100 mM PBS, and then incubated with the secondary antibody, antirat-IgG-FITC conjugate (Sigma) diluted at 1:100 with 100 mM PBS for 1 h at 37°C in the dark or at 4°C overnight. The samples were rinsed three times with 100 mM PBS and examined under a microscope (Olympus, IMT-2). Control samples were incubated in 100 mM PBS instead of the primary antibody.
Immunogold localization of IAA, ABP1, and PM H + -ATPase
The early globular stage of embryos at 5 DAP were used. The method for IAA immunogold localization was the same as that described by Chen and Zhao (2008) . The methods for ABP1 and PM H + -ATPase immunogold localization were similar to those described by Zhang et al. (2008) , the only difference being the kind of antibodies used. The primary antibodies were ABP1 and PM H + -ATPase antibodies, respectively, and the secondary antibody was a goat anti-rabbit IgG antibody conjugated to 10 nm gold particles (Sigma). Ultrathin sections (about 60 nm) were cut using a Sorvall MT-6000 ultramicrotome and collected onto Formvarcoated nickel grids. After immunogold staining, the samples were examined and photographed under a transmission electron microscope (Hitachi H-800, Japan).
DAPI staining method
In order to observe zygote and early proembryo division clearly, all samples were stained with 2 lg ml À1 DAPI for 10 min. The labelled blue fluorescence was then visualized and photographed under an inverted microscope (Olympus IMT-2, Japan).
Results
IAA level in ovules
By using the GC-SIM-MS technique, it was possible to detect the endogenous free IAA level in tobacco ovules (Fig. 1) . Retention times of IAA/D 2 -IAA were 9.753/9.736 min in the standard (Fig. 1A) , and 9.758/9.739 min in the sample (Fig. 1B) , respectively. The GC peaks of IAA and D 2 -IAA obtained from the sample solutions were well separated from the peaks of impurities (Fig. 1B ). The changes in IAA level in ovules are shown in Fig. 1C . The IAA content was low in unfertilized (1 DAP) and fertilized ovules at the stages of the zygote (3 DAP) and the 2-celled embryo (4 DAP). It then increased 2-fold in the ovules (6 DAP) at the middle globular embryo stage when compared with the 3 DAP ovules, and significantly increased in the ovules at the heart-shaped embryo stage (8 DAP) and the torpedo-shaped 6, 8, 10 , and 15 DAP were at the stages of 2-celled, middle globular, heart-shaped, torpedo-shaped, and mature cotyledon embryos, respectively. IAA contents were measured in triplicate, and the standard error (s.e.) is shown. The number of ovaries for quantification analysis was 20-450 from 15 plantlets. * 0.01< P <0.05 indicates significant difference compared with the 3 DAP ovules at zygote stage; ** P <0.01 indicates extremely significant difference compared with the 3 DAP ovules.
embryo stage (10 DAP). In the 15 DAP ovules at the mature cotyledon-embryo stage, the IAA level reached the maximum value of 89.02 ng g À1 FW.
Distribution of IAA in isolated zygotes, embryos, and ovules in vivo
The distribution of free IAA in isolated zygotes and embryos of tobacco DR5::GUS transgenic plants was revealed by GUS staining ( Fig. 2A-C , E-L). The GUS signal was weak, even in the elongated zygote and early proembryo stages ( Fig. 2A-C) . It then began to accumulate in the cells of the early globular embryo (Fig. 2E ) and the IAA-dependent GUS signal gradually increased and displayed a polar distribution in the basal area of the embryo proper (EP) and in the whole suspensor of the middle globular embryo (Fig. 2F) . When the cotyledon primordium and provascular strands began to form, the GUS signal also appeared in these regions (Fig. 2G-J) . The signals were obviously enhanced and distributed in the whole torpedoshaped and mature cotyledon-stage embryos (Fig. 2K, L) . As a control, no GUS activity appeared in the proembryo of wild-type plants (Fig. 2D) .
To validate the distribution of free IAA in proembryos, IAA immunoenzyme localization was used with an anti-IAA antibody. The results showed an even distribution of free IAA in the zygote, the 2-celled stage, and the early proembryo in tobacco (Fig. 2M-O) , which was similar to that of the GUS activity assay. As a control, no signal was detected in the embryo when incubated with PBS instead of the primary antibody (Fig. 2P) .
In addition, auxin-activated DR5::GUS expression was also detected in ovules so that the accumulation of free IAA could be traced in these tissues (see Supplementary Fig. 1 at JXB online). It was shown that the GUS signal was very weak in the ovules at the zygote, the 2-celled, and the 8-celled embryo stages (see Supplementary Fig. S1A -C at JXB online), while it was strong in the ovules at the early globular to transitional stage embryos (see Supplementary Effects of exogenous IAA and TIBA on zygote and proembryo development in ovule culture When 3 DAP ovules were cultured for 4 d, the zygotes inside the ovules developed into proembryos with a different shape (Table 1) . Proembryo development was obviously promoted in low concentrations of IAA (0.1 lM), and the frequency of more than 16-celled proembryos increased to 56.2%, which was higher than that in untreated controls (15.07%). Moreover, zygote division and proembryo development were affected to some extent by the treatment with TIBA, an auxin transport inhibitor. When the TIBA concentration was 30 lM, the frequency of proembryos with more than 16 cells decreased to 4.77%, but that of abnormal and dead proembryos increased to 5.06% and 9.13%, respectively. Most of the ovules were dead after treatment with 50 lM TIBA (data not shown).
To investigate the effect of IAA on proembryo differentiation, ovules at the early globular embryo stage (5 DAP) were cultivated in medium supplemented with IAA or TIBA. After 5 d and 10 d of culture, embryos inside the ovules developed into four types: normal undifferentiated and differentiated, and abnormal undifferentiated and differentiated. In IAA-treated ovules, the types of embryo development were similar to the control, while TIBA caused both aberrations and a delay in embryo differentiation (Table 2 ). The effects of TIBA on proembryo development also appeared in a concentration-dependent manner. Treatment with 50 lM TIBA caused the death of most of the ovules after 10 d of culture (data not shown).
When ovules were transferred into germination medium, embryo germination frequency in 2 lM IAA-treated ovules was the highest of all the treatments during the 50 d of culture (Table 3 ; Fig. 3I ), and most of the seedlings had two normal symmetrical cotyledons (Fig. 3A) . The frequency of germinated seedlings with normal cotyledons decreased, while those with abnormal cotyledons increased in 10 lM and 30 lM TIBA treatments (Table 3 ) and was lowest with 30 lM TIBA (Fig. 3I) . No seedling germination was observed in the 50 lM TIBA treatment. Furthermore, the The results are shown with standard errors. The best promotion effect in the IAA-treated group was at ay the concentration of 0.1 lM when supplemented with 0.1, 0.3, 0.5 and 1 lM IAA (data not shown). * 0.01 <P <0.05 indicates a significant difference compared with the untreated group; ** P <0.01 indicates extremely significant difference compared with the untreated group. Table 1 . The best promotion effect in the IAA treated group was at a concentration of 2 lM when supplemented with 0.5, 1, 2, and 4 lM IAA (data not shown). cotyledon phenotype in TIBA-treated seedlings showed various abnormalities, including the lack of cotyledons, only one cotyledon, two asymmetrical cotyledons, and multiple cotyledons (Fig. 3B-G) . However, most of the seedlings formed normal leaves after being transplanted into the medium without TIBA (Fig. 3H) , which suggests that the effect of TIBA could be reversed when its concentration is lower than 50 lM.
Effect of TIBA on IAA distribution in cultured embryos
In the presence of TIBA, the distribution of free IAA in the cultured embryos was completely disturbed compared with the embryos in vivo. In the cultured 3 DAP ovules, GUS expression appeared differently in the abnormal earlyglobular-stage embryos which asymmetrically divided in the EP or lost apical-basal polarity (Fig. 4A-D) . In 5 DAP ovules, the GUS signal decreased in the abnormal undifferentiated embryos (Fig. 4E) , while it appeared intensely in the basal area and the cotyledon primordia of the abnormal differentiated embryos (Fig. 4F-I) . However, when cultured without or with IAA, the normal developed embryos showed a similar GUS signal distribution as in vivo (data not shown).
Distribution of ABP1 and PM H + -ATPase in isolated zygotes and proembryos
The effect and specificity of the polyclonal antibodies, anti-ABP1 and anti-PM H + -ATPase, were examined by Western blot. The proteins from 3-15 DAP ovules were extracted, separated by SDS-PAGE, electroblotted on nitrocellulose membranes, and respectively immunoblotted with the two antibodies. The results showed that the endogenous ABP1 and PM H + -ATPase detected were about 25 kDa (Fig. 5A ) and 94 kDa (Fig. 5B) , respectively.
To investigate whether ABP1 and PM H + -ATPase are involved in tobacco zygote and embryo development, their The results showed that the ABP1 fluorescent signal was distributed evenly in fertilized egg cells (zygote) with a big nucleus (Fig. 6A-a2 ). When the zygote elongated, an additional signal appeared in the cell wall of the micropylar region ( Fig. 6B-b2 ). In the 2-celled proembryo, the signal appeared strongly in the nucleus (Fig. 6C-c2 ), but then diffused to the whole cytoplasm in the 3-celled and the early globular embryo (Fig. 6D-e2 ). However, in the late globular stage and differentiated embryos, this signal displayed a polar distribution, and was especially located in the junctione of the EP and suspensor, the apex of the EP or the cotyledons (Fig. 6F-h ). To validate the localization of ABP1 in embryos, cryosection and immunoenzyme techniques were also used, and the results showed that ABP1 was strongly located in the torpedo-shaped embryos (Fig. 6I) . In the control, no fluorescence (data not shown) or immune-colour (Fig. 6J) was observed in the embryos. The distribution of the PM H + -ATPase was quite different from ABP1 in the zygote and early proembryos. In the globular and elongated zygote, as well as the 2-celled proembryo, the PM H + -ATPase fluorescence signal was strongly located in the whole cell but was weak in the nucleus (Fig. 7A-c2) , and had begun to concentrate in the cell junction regions of the early globular proembryo (Fig. 8D-e) . However, the PM H + -ATPase displayed similar polar distribution patterns as ABP1 in the late globular and differentiated embryos (Fig. 7F-h) , and its fluorescence signal was concentrated in the apex of EP and the suspensor cells. By using the cryosection and immunoenzyme techniques, a similar pattern of the PM H + -ATPase signal was also observed in the torpedo-shaped embryos (Fig. 7I) . In the control, no immune-colour was observed (Fig. 7J) .
Effects of TIBA on ABP1 and PM H + -ATPase distribution in cultured embryos
The distribution of ABP1 and PM H + -ATPase in isolated embryos from TIBA-treated ovules was also detected. The result showed that ABP1 distribution in the embryos was disturbed as compared with the normally developed embryos in vivo. In the culture of 3 DAP ovules, the abnormal embryos which lost apical-basal polarity and divided asymmetrically displayed irregular ABP1 distribution (Fig. 8A-b2 ) with a slightly dispersed PM H + -ATPase signal (Fig. 8F-g2 ). In the culture of 5 DAP ovules, the undifferentiated and differentiated abnormal embryos failed to display the polar location of ABP1 (Fig. 8C-e) and PM H + -ATPase (Fig. 8H-j) . However, by comparison with the expression patterns in vivo, there were similar fluorescence signals of ABP1 and PM H + -ATPase in cultured embryos with (see Supplementary Fig. S2 at JXB online) or without IAA treatment (data not shown).
Immunogold localization of IAA, ABP1, and PM H + -ATPase in early globular embryo cells in vivo
By using immunogold and TEM techniques, the distribution of IAA, ABP1, and PM H + -ATPase was investigated further in early globular embryo cells (Fig. 9) . The results showed that IAA gold particles were distributed most abundantly in the cytoplasm (Fig. 9B) , and partly in the nucleus (Fig. 9C) , PM, and the plastids of embryo cells (data not shown). ABP1 immunogold granules were mainly distributed in the PM and the cytoplasm near the PM (Fig.  9E) , and partly in the endoplasmic reticulum (Fig. 9F ) and nucleus (data not shown). However, most of the PM H + -ATPase gold particles appeared in the PM of embryo cells (Fig. 9G) . The control sections without the primary antibodies showed no gold particles (Fig. 9D, H) .
Discussion
Roles of IAA in zygote and early embryo development Embryogenesis originates from the fertilized egg cell (the zygote). Maintenance of the normal auxin level is essential for embryogenesis, for disruption of the auxin concentration or transportation affects the formation of the apicalbasal axis in the embryo (Weijers et al., 2005; Cheng et al., 2007) . However, beside the studies of IAA distribution in Arabidopsis embryos (from the 2-celled to the torpedoshaped embryos) and in wheat embryos (from the globular to bilaterally symmetrical embryos) (Fischer-Iglesias et al., 2001; Friml et al., 2003; Rober-Kleber et al., 2003) , there have been relatively few research reports regarding the change in auxin level and its role in early embryo development of other flowering-plants. In the present study, the well-established tobacco zygote and embryo isolation method, GUS staining, and the immunolocalization technique are used to observe IAA distribution in the tobacco zygote and in the different stages of the embryo which are deep inside the maternal tissues (as summarized in Fig. 10A ). It is reported for the first time that auxin is localized in the the zygote of higher plants. To date, the localization of auxin in the zygote has only been detected in a lower plant, Fucus distichus (Basu et al., 2002) . Our results showed a different distribution pattern of IAA in the early embryogenesis of tobacco as compared with Arabidopsis. From the zygote to the early globular proembryo in tobacco, the IAA signal was weak and its distribution was even (Figs 2A-C, 10A ), while in Arabidopsis, it was localized to the poles in the apical cell and the embryo proper of early-stage embryos (Friml et al., 2003) . The polar distribution of IAA, together with the mutants and the expression analysis of the auxin efflux genes in Arabidopsis, showed the importance of auxin in establishing the apical-basal axis of the embryo (Hamann et al., 1999 (Hamann et al., , 2002 Friml et al., 2003; Weijers et al., 2005) . As no there was no detectable polar localization of IAA in the tobacco zygote and early embryos, it is not clear whether free IAA participates in axis establishment. However, by using in vitro culture experiments, this assumption was verified. The treatment of zygote-staged ovules with the IAA transport inhibitor TIBA led to the delay of zygote and embryo division and the morphological aberration of embryos (Table 1) . Furthermore, IAA distribution was disrupted in TIBA-treated abnormal embryos (Fig. 4A-D) . Thus, the normal distribution of IAA in the zygote and early proembryo is required for the directional differentiation of proembryo cells. The immunogold localization results show that abundant IAA exists in the cytoplasm of the early globular proembryo (Fig. 9C) , and this suggests the presence of active auxin signal transduction.
But, why is the distribution of IAA different in early embryos of tobacco and Arabidopsis? It is presumed that one reason is the discrepancy in cell division pattern and arrangement during early embryo development. Although both tobacco and Arabidopsis are model dicotyledons, their cell division patterns and arrangement orders are quite different in the early embryo stage. In Arabidopsis, the apical cell of the 2-celled proembryo first undergoes two longitudinal and then a transverse division to form an octant-stage embryo, while the basal cell undergoes more than one division before the second division of the apical cell and there is a multicellular (over 4-celled) suspensor in the octant-stage embryo (Berleth and Chatfield, 2002; Friml et al., 2003) . In tobacco, the apical cell of the 2-celled proembryo first undergoes a transverse and then two longitudinal divisions to form an octant-stage embryo, while the first division of the basal cell follows closely after the first division of the apical cell and there is a suspensor with four cells in the octant-stage embryo (data not shown). Therefore, this differentiation indicates that the different It is presumed that free auxin is transported from the maternal tissue to the zygote and initiates the formation of the embryo polar axis (Friml et al., 2003) , but there was still a lack of experimental evidence. In this study, it was found that exogenous IAA at a low concentration significantly promoted zygote division and early embryo development in in vitro ovule culture (Table 1) . However, in vivo, the level of IAA was very low in tobacco ovules at the zygote and the 2-celled proembryo stages (Fig. 1C) , and the DR5::GUS expression of ovules was also weak from the zygote to the early embryo stages (see Supplementary Fig. 1A -C at JXB online). It suggests that the IAA level was low in the ovule, the zygote, and the early stages of embryos. Perhaps there was an auxin transport route from the maternal tissue into the ovule and zygote during this process in tobacco. In addition, it was found that abundant IAA is distributed in the placenta and vascular tissues of 4-5 DAP ovaries (data not shown) when the zygote developed into the 2-celled to 8-celled proembryos, which suggests that there is polar transportation of IAA from the vascular bundle and placenta of the ovary to the ovule and zygote in early embryogenesis.
Roles of IAA in embryo differentiation and maturation
After a zygote develops into a globular embryo, the cells of the EP will undergo organ primordium differentiation instead of continuous periclinal division. Localized cell divisions lead to the emergence of various specialized regions: along the apical-basal axis will form the shoot apical meristem, cotyledons, hypocotyls, and the root apical meristem. The dynamic expression pattern of DR5::GUS in Arabidopsis embryos is closely related to the function of auxin for establishing and maintaining the apical meristem and cotyledons (Hamann et al., 2002; Friml et al., 2003; Aida et al., 2004; Furutani et al., 2004; Hardtke et al., 2004; Blilou et al., 2005; Jenik and Barton, 2005) . In tobacco, a temporal and spatial DR5::GUS expression was also found, which appears to be similar to the auxin distribution in Arabidopsis embryos (Figs 2F-L; 10A): from accumulation in the basal area of the EP and suspensor in the middle globular embryo and into the cotyledon tip, provascular strands, and root meristem in the torpedo-shaped embryo. Although there are differences, as in early embryogenesis, the similar distribution pattern during embryo differentiation and maturation in Arabidopsis and tobacco implies a similar function of auxin. In cultured tobacco ovules at the globular embryo stage, TIBA treatment not only led to the delay of embryo differentiation, maturation, and germination, but also caused embryo aberration and cotyledon abnormity (Tables 2, 3; Figs 3, 4, 8) . Some phenotypes of the abnormal seedlings strongly resembled pin mutants in Arabidopsis, for example, the cup-shaped and single cotyledon seedlings (Fig. 3C, D) also appeared in the pin1pin3pin4pin7 and pin4pin7 mutants, respectively (Friml et al., 2003) . Furthermore, the IAA distribution pattern was irregular in abnormal embryos treated with TIBA ( Fig. 4E-I ). Our results suggest that normal IAA levels and distribution are essential for cotyledon differentiation and embryo maturation in tobacco, which is consistent with the roles of IAA in Arabidopsis embryos.
The study on YUCCA flavin monooxygenase, a key enzyme in the auxin synthesis pathway in Arabidopsis, suggests that auxin was possibly synthesized in the apical region of embryos and transported into the hypophysis to regulate the division and differentiation of root meristems during embryo development (Friml et al., 2003; Cheng et al., 2007) . Together with embryo differentiation and maturation, the IAA level in the whole tobacco ovule dramatically increased (Fig. 1C) , while DR5::GUS expression was not very strong at the ovule surface during this period (see Supplementary Fig. S1F -L at JXB online), which indicates increased amounts of IAA in the embryo, as if there is active auxin biosynthesis in embryos. Although there is no genetic evidence, the similar distribution pattern of IAA during embryo differentiation and maturation in Arabidopsis and tobacco suggests that a similar source of auxin may exist in these two types of plant embryos.
Possible involvement of ABP1 in auxin-dependent embryogenesis ABP1 has long been considered as an important potential receptor of auxin. Many researchers have demonstrated its receptor function in mediating auxin-dependent cell division and expansion, such as in maize coleoptiles, shoots, and roots (Henderson et al., 1997; Venis et al., 1992; Steffens et al., 2001) , tobacco leaves and BY2 cells (Chen et al., 2001a; David et al., 2007; Braun et al., 2008) , and E. ulmoides stems (Hou et al., 2006) . It was shown that ABP1 present in the shoot meristem and the epidermal cells of the scutellum in maize immature embryos (Bronsema et al., 1998) . However, the lethality of the early globular-staged embryo in the mutant of ABP1 in Arabidopsis (Chen et al., 2001b) prevents any further study of this gene in embryo development.
In this paper, the first information for characterizing the elaborate temporal and spatial distribution of ABP1 in tobacco embryo development by using immunolocalization techniques is provided. Our results showed that the ABP1 signal was intense in the tobacco zygote and embryo in vivo (Fig. 6 , and summarized in Fig. 10B ), distributed evenly in the zygote and polar in the apical region of the EP, and in the the cells between the EP and the suspensor in the heartembryo and the torpedo-embryo. The distribution pattern of ABP1 which varied with the different developmental stages implies that this protein participates in embryo development and differentiation. As a potential receptor of auxin, the role of ABP1 in embryogenesis is possibly related to the auxin response. To validate this hypothesis, the expression of ABP1 was investigated in tobacco embryos dissected from the cultured ovules. The result showed that the addition of TIBA perturbed the normal distribution of ABP1 in cultured embryos (Fig. 8a2, b2 , c-e), which implied that ABP1 may participate in auxin-dependent embryo development. Cell elongation and division are two essential auxinmediated responses that are related to ABP1 (Jones et al., 1998; Chen et al., 2001a, b; David et al., 2007; Braun et al., 2008) . Previous work indicated that extracellular ABP1 has the function as a physiological receptor for cell expansion. ABP1 is usually stored in the endoplasmic reticulum and is secreted into the plasma membrane (PM) or the cell exterior via Golgi bodies Bronsema et al., 1998; Shimomura et al., 1999; Christian et al., 2006) . By conditional expression of a single-chain fragment variable (scFv), which was derived from an antibody fragment directed against ABP1, endogenous ABP1 was inactivated and this led to the blocking of the cell cycle. Further research provided evidence that ABP1 played a critical role in auxin-mediated cell division by acting on the G 1 /S and G 2 /M checkpoints (David et al., 2007) . In this study, numerous ABP1 gold particles were observed in the PM at the junction between the early globular embryo cells which is the possible functional site in auxin-mediated cell expansion (Fig. 9) . Also, the presence of ABP1 in the cytoplasm and nucleus which overlapped with IAA distribution could be explained by their probable roles in regulating embryo cell division. Although no direct evidence provides the function of ABP1 in early embryogenesis, our results suggest that ABP1 might play roles in cell elongation and division of the zygote and embryo. Furthermore, the change in auxin distribution in the zygote and embryo is probably function related to ABP1 (Fig. 10A, B) . In Arabidopsis, the embryo development of the ABP1 mutant ceased in the early-globular-embryo stage, and was unable to undergo any further cell division, growth, and differentiation (Chen et al., 2001b) . Our research on the dynamic distribution of ABP1 during embryo differentiation indicates the possible function of ABP1 in regulating the division of the shoot and root apical meristem. The distribution of ABP1 and IAA is different in the apical region of the EP, but similar in the basal region of the EP (Fig. 10A, B) ; this suggests that ABP1 might take part in different auxin response pathways in these two areas.
Possible involvement of PM H + -ATPase in auxindependent embryogenesis
Although many genes have been identified as members of an auxin signal transduction network in embryogenesis, the molecular mechanisms of how auxin acts on the establishment of the apical-basal axis and on the formation of embryonic organs is not clear. The PM H + -ATPase is suggested to be a downstream target of the auxin signalling pathway (Harper et al., 1994; Frías et al., 1996) . It has been reported that the PM H + -ATPase may be involved in auxinmediated embryo cell elongation in the typical monocotyledon wheat, for it was strongly localized in the epidermal cells of the scutellum at the bilaterally symmetrical stage and its expression and activity was regulated by auxin (Rober-Kleber et al., 2003) . However, until now, no report has shown the involvement of the PM H + -ATPase in the early embryogenesis of dicotyledonous plants. Due to the lack of information about the role of PM H + -ATPase in embryogenesis, the changes of PM H + -ATPase were investigated during zygote and embryo development in tobacco (Figs 7, 10C ) by using the immunolocalization technique. This technique was previously used in the study of PM H + -ATPase distribution in Torenia fournieri pollen tubes (Wu et al., 2008) , Nicotian plumbaginifolia pollen tubes (Lefebvre et al., 2005) , Triticum aestivum embryos (Rober-Kleber et al., 2003) , and Lilium longiflorum pollen grains and pollen tubes (Obermeyer et al., 1992) . In the present study, the dynamic distribution pattern of the PM H + -ATPase shows that it is developmentally regulated. Moreover, the disordered distribution of the PM H + -ATPase was observed in the abnormal embryos induced by TIBA (Fig. 8f2, g2 , h-j), which indicated that the expression pattern of the PM H + -ATPase is probably regulated by IAA during embryo development.
Interestingly, the distribution of PM H + -ATPase was similar to that of ABP1 during tobacco embryo differentiation and maturation as summarized in Fig. 10B , C. ABP1 is considered as a component that connects the auxin signal with the PM H + -ATPase (Macdanald, 1997; Christian et al., 2006) . Thus, the overlapping in the specific regions, including the shoot and root apical meristem of the embryos, revealed a function correlation between the PM H + -ATPase and ABP1. Based on a classical auxin-induced cell elongation model, 'acid-growth theory', the exposure of responsive cells to auxin leads to the excretion of H + out of the PM, presumably either by increasing the amount of the PM H + -ATPase or by combination with ABP1, stimulating the activity of the PM H + -ATPase in the PM, and then the decreased pH value causes the apoplastic acidification and cell wall loosening, which results in cell elongation (Christian et al., 2006) . In this study, the subcellular localization in the early globular embryos displays the presence of the PM H + -ATPase in the PM at the junctions between embryo cells, where ABP1 is also abundant (Fig. 9) . The same localization of the PM H + -ATPase and ABP1 in the PM is in accordance with the 'acid-growth theory'. Their expression in the apical and basal areas of the EP during embryo differentiation is likely to contribute to the formation of the shoot and root apical meristem in tobacco.
Embryo development in higher plants is a complex process. Compared with IAA and ABP1 in zygote and early proembryos, the distribution of PM H + -ATPase is quite different (Fig. 10) . Considering the role of the PM H + -ATPase in the control of various cell physiological activities, such as contributing to nutrient uptake in broad bean embryos (Bouche-Pillon et al., 1994) , suggests that the role of the PM H + -ATPase in early embryogenesis might be mediated by other factors. However, its function and molecular mechanism during embryo development is far from clear, and needs to be investigated further.
Conclusion
This study shows the level and distribution of free IAA in different developmental stages of tobacco ovules, and the temporal and spatial distribution of IAA, ABP1, and PM H + -ATPase in the zygote and embryos. In ovule culture, zygote division, embryo differentiation and maturation, and organ formation were all promoted by suitable concentration of IAA, but suppressed by TIBA, an inhibitor of auxin polar transport. By immunolocalization techniques, it was found that the distribution of IAA, ABP1, and PM H + -ATPase were all disturbed in abnormal embryos treated by TIBA. These results indicate that the polar distribution of free IAA may begin from the zygote and change regularly to ensure subsequent embryo formation and differentiation. ABP1 and PM H + -ATPase are probably involved in these processes and are correlated to auxin signalling transduction during embryo development.
Supplementatry data
Supplementary data can be found at JXB online.
Supplementary Fig. 1 . Auxin-dependent DR5::GUS expression in transformed tobacco ovules. Supplementary Fig. 2 . Immunolocalization of ABP1 and PM H + -ATPase in normal tobacco embryos without treatment in vitro.
